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ABSTRACT 


A  porcine  animal  model,  designed  to  simulate  physiologic  charac¬ 
teristics  of  the  combat  casualty,  was  used  to  assess  the  effects  of 
severe  blood  loss  on  the  heart  rate  and  arterial  pressures  in  the  ab¬ 
sence  of  anesthesia  or  other  interventions.  Chronic  catheters  were 
placed  surgically  jn  the  aorta,  via  the  carotid  artery,  of  8  young 
domestic  pigs.  Seven  to  9  days  after  surgery  each  animal  was  brought 
into  the  laboratory  and  the  catheter  was  connected  to  a  three-way  stop¬ 
cock  and  a  pressure  transducer  for  blood  removal  and  pressure  recording 
After  30  minutes  of  unrestrained  and  uninterrupted  supine  rest,  control 
measurements  were  made.  Thereafter,  50  percent  of  the  estimated  blood 
volume  was  removed  progressively  over  a  one-hour  period.  No  physio¬ 
logical  changes  were  seen  until  blood  loss  exceeded  10  percent.  A 
transient  increase  in  heart  rate  occurred  at  20  pareente  loss,  but  sub¬ 
sequent  rates  were  no  different  from  control  values.  Systolic,  dia¬ 
stolic,  and  mean  arterial  pressures  decreased  progressively  between 
20  and  50  percant  blood  loss;  the  respective  values  at  50  percent  blood 
loss  were  84  ±  3.2,  31  ±  3.2,  and  49  ±  2.8  mm  Hg.  Because  of  the  func¬ 
tional  similarities  of  the  human  and  porcine  cardiovascular  systems, 
studies  of  severe  hemorrhage  in  the  recumbent  conscious  pig  may  provide 
reliable  physiological  information  which  will  be  useful  in  recognizing 
the  consequences  of  massive  hemorrhage  in  humans,  such  as  from  injuries 
incurred  during  combat. 


PREFACE 


This  is  the  second  in  a  series  of  reports  on  the  physiological  re¬ 
sponses  of  domestic  swine  to  severe  hemorrhage.  The  first  report  dealt 
with  procedures  for  chronic  implantation  of  arterial  and  venous  cathe¬ 
ters  to  allow  hemodynamic  and  biochemical  studies  in  the  conscious  ani¬ 
mal.  Future  reports  will  be  concerned  with  the  blood  gas  and  acid-base 
status,  blood  biochemical  characteristics,  blood  volume  changes,  and 
tissue  blood  flow  alterations  in  conscious  pigs  recovering  spontaneously 
from  hemorrhagic  hypotension. 
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The  mongrel  dog  has  been  used  almost  exclusively  in  animal  studies 
of  severe  blood  loss  and  hemorrhagic  shock.  In  large  measure  this  is 
attributable  to  the  ready  availability,  tractability ,  and  traditional 
use  of  the  dog  as  an  animal  model  for  human-oriented  biomedical  re¬ 
search.  Such  traditional  use,  however,  does  not  necessarily  signify 
close  similarities  in  human  and  canine  physiology.  In  fact,  many 
marked  functional  differences  exist,  and  certain  of  these  could  play 
an  influential  role  in  the  outcome  of  compensatory  responses  to  severe 
blood  loss.  The  dog,  for  example,  has  a  far  higher  cardiovascular  re¬ 
serve  (1,2)  ana  aerobic  capacity  (3,4)  than  man;  hence,  one  would 
expect  the  dog  to  have  a  greater  functional  capacity  to  compensate  for 
severe  blood  loss.  In  addition,  dogs  differ  significantly  from  men  in 
terms  of  the  bicarbonate  buffer  capacity  of  arterial  blood  (5)  and  the 
characteristics  of  tissue  blood  flow  redistribution  during  high  cardiac 
output  states  (1,6,7).  Any  of  these  functional  variables  could  influ¬ 
ence  the  outcome  of  severe  blood  loss  studies. 

On  the  basis  of  limited  available  evidence,  the  domestic  pig  would 
appear  superior  to  the  dog  as  a  large  animal  model  for  studies  directed 
at  the  cardiovascular  consequences  of  severe  blood  loss.  The  func¬ 
tional  characteristics  of  the  pig  cardiovascular  system  more  closely 
resemble  those  of  man  than  do  the  characteristics  of  the  dog  (8,9). 
During  severe  exercise,  for  instance,  the  pig  and  human,  in  contrast 
to  the  dog  and  human,  show  remarkably  similar  changes  in  cardiac  output 
and  organ  blood  flow  distribution  (2).  Indeed,  the  recognition  of  such 
similarities  has  led  in  recent  years  to  increased  but  still  limited  use 
of  pigs  for  research  on  cardiovascular  function  during  and  following 
hemorrhage  (10-15).  Most  investigations  have  involved  anesthetized 
animals,  a  condition  that  seriously  modifies  normal  responses  to  blood 
loss  (15),  or  have  employed  the  Wiggers  model  (16)  to  study  the  char¬ 
acteristics  of  irreversible  shock.  Neither  of  these  experimental  con¬ 
ditions  has  much  relevancy  to  the  clinical  shock  problems  seen  in 
humans  (10,17).  Reports  on  the  cardiovascular  consequences  of  hemor¬ 
rhage  in  conscious  swine  are  rarely  seen,  and  those  that  are  available 
(14,18,19)  are  of  limited  scope.  The  present  investigation,  therefore, 


was  initiated  to  delineate  heart  rate  and  arterial  pressure  responses 
to  incremental  blood  loss,  up  to  and  including  50  percent  of  the  cal¬ 
culated  blood  volume. 

METHODS 

Eight  young  domestic  swine,  both  gilts  and  barrows,  were  used  in 
this  study.  They  were  obtained  from  a  commercial  hog  farm  (J.G. 

Boswell  Company,  P.0.  Box  457,  Corcoran,  CA  93212)  and  were  housed  as 
a  group  in  a  large  indoor  animal  facility  until  ready  for  the  surgical 
emplacement  of  arterial  catheters.  At  this  time  each  animal  to  be 
studied  received  an  intramuscular  preanesthetic  injection  of  0.08  ing/kg 
atropine,  2.2  mg/kg  ketamine  HC1,  and  1.1  mg/kg  zylazine  HC1  while  con¬ 
fined  to  a  portable  transport  cage.  Anesthesia  was  subsequently  in¬ 
duced  with  a  halothane  in  oxygen  mixture  administered  by  a  mask  placed 
over  the  snout.  During  surgery,  anesthesia  was  maintained  with  the 
same  mixture  by  means  of  a  cuffed  endotracheal  tube  and  ventilator 
(Ohio  Medical  Products). 

As  described  in  detail  elsewhere  (20),  the  procedure  for  the  con¬ 
struction  and  placement  of  a  carotid  artery  catheter  in  each  pig  was 
modified  somewhat  from  that  described  by  Mills  and  Simmons  (21). 

Briefly,  the  intravascular  portion  was  prepared  from  Silastic^)  tubing 
(0.040  inches  ID,  0-085  inches  OD)  (Dow  Corning  Medical  Grade  602-201). 
At  the  point  of  exit  from  the  vessel,  this  portion  was  joined  to 
(0.050  inches  ID,  0.090  inches  0D)  Tygon(^)  tubing,  formulation  S-54-I1L. 
This  arrangement  minimized  intravascular  clotting,  yet  provided  the 
physical  characteristics  needed  for  long-term  durability  of  the  chronic, 
implant  along  with  minimal  distortion  of  arterial  pressure  character¬ 
istics.  The  I'ygon  portion  was  tunneled  beneath  the  skin  to  the  back  of 
the  neck  where  it  was  exteriorized  through  a  punch  wound  and  capped 
with  a  16-gauge  Luer  stub  adapter  (Intramedic)  fitted  with  an  Argyle 
plastic/rubber  intermittent  infusion  cap.  The  cap  minimized  microbial 
contamination  problems  and  allowed  catheter  flushing  with  heparinized 
saline  (10  units/ml)  as  needed  to  maintain  patency.  Flushing  at  the 
end  of  surgery  and  at  weekly  intervals  thereafter  was  adequate.  Clean¬ 
liness  subsequent  to  surgery  was  maintained  by  a  Velcro patch  placed 
over  the  exteriorized  portions  and  sutured  to  the  skin.  This  patch 
also  allowed  ready  access  to  the  catheter  in  the  conscious  animal  sub¬ 
sequent  to  the  surgery. 

After  a  7  to  9-day  surgical  recovery  period,  each  pig  was  brought 
into  a  quiet  laboratory  in  a  portable  carrying  cage  and  was  given  a 
variety  of  surgical  linen  bedding.  After  15  to  30  minutes  of  rooting 
and  bedding  rearrangement,  the  animal  invariably  assumed  a  recumbent 
position,  at  whicli  point  the  infusion  cap  was  removed  and  the  stub 
adapter  was  connected  to  a  12-inch  pressure  moni toring/ injection  line 
(Cobe  Laboratories ,  Inc.).  The  latter  had  been  fitted  previously  with 
a  three-way  plastic  stopcock  (Pharmaseal,  Inc.)  and  filled  with  hepar¬ 
inized  saline.  The  entire  system  was  then  cleansed  by  withdrawing 
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10  ml  <’l  lluid  (blood  plus  heparinized  saline)  I  u  I  lowed  by  iuliusliiug 
with  1U  ml  of  fresh  heparinized  saline.  The  catheter  system  was  con¬ 
nected  to  a  Statham  P23Db  pressure  transducer  by  means  of  a  36-inch 
pressure  monitoring/ injection  line  (Pharmaseal ,  Inc.),  also  filled  with 
heparinized  saline .  The  transducer,  suspended  by  clamps  on  a  ring 
stand  located  just  outside  the  portable  cage,  was  height  adjusted  to 
match  heart  level  in  the  recumbent  animal.  Transducer  output  was  mon¬ 
itored  with  a  Gould  (Brush)  220  physiological  recorder. 

In  pilot  studies  not  reported  here,  cardiovascular  functions  in 
the  conscious  pig  were  found  to  vary  erratically  unless  a  metabolic 
steady  state  had  been  established  and  was  maintained  before  baseline 
measurements  were  made.  Consequently,  control  values  in  this  study 
were  obtained  only  after  30  minutes  or  more  of  uninterrupted  recumbent 
rest.  At  the  end  of  the  rest  period,  three  sets  of  measurements  were 
made  at  10-minute  intervals  and  average  control  values  were  calculated. 
Included  in  these  measurements  were  heart  rate,  systolic  pressure,  di¬ 
astolic  pressure,  and  pulse  pressure. 

Immediately  after  the  control  measurements,  the  hemorrhage  proce¬ 
dure  was  started.  Ultimately,  50  percent  of  the  estimated  total  blood 
volume  was  removed  over  a  one-hour  period.  Estimates  of  blood  volume 
were  calculated  on  the  basis  of  the  regression  equation  for  swine  re¬ 
ported  by  von  Engelhardt  (9)  : 

TBV/kg  =  95  (body  wt  in  kg) 

The  one- hour  period  of  hemorrhage  was  selected  arbitrarily  to  simulate 
a  period  of  severe  hemorrhage  such  as  might  be  seen  in  combat  casual¬ 
ties.  The  rate  of  blood  loss  was  based,  again  arbitrarily,  on  an  expo¬ 
nential  scale  such  that  10  percent  increments  of  the  total  blood  volume 
were  removed  uniformly  over  successive  intervals  of  9,  10,  11.5,  13.5, 
and  16  minutes.  To  avoid  computational  errors  in  determining  total 
blood  volume  and  the  10  through  50  percent  volume  increments,  a  suit¬ 
able  program  was  developed  for  the  Texas  Instruments  Programmable  59 
Calculator  used  in  conjunction  with  a  PC100A  printer  (Appendix  A). 

At  the  end  of  each  10-percent  increment  of  blood  volume  reduction  the 
above  indicated  heart  rate  and  arterial  pressure  measurements  were 
made.  Subsequent  to  hemorrhage,  the  pigs  were  returned  to  the  animal 
housing  facility  where  they  remained  for  24  hours  to  determine  surviv¬ 
ability.  Thereafter,  they  were  euthanized. 

The  accumulated  data  from  this  experiment  were  evaluated  with 
single  factor  (repeated  measures)  analyses  of  variance.  In  addition, 
the  mean  and  standard  error  of  the  mean  values  were  calculated ,  and 
Newman- K.eu Is  tests  were  used  to  evaluate  between  mean  differences. 
Statistically  significant  effects  were  assumed  when  P  ^  0.05. 
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RESULTS 


As  judged  by  24-hour  survival  beyond  the  hemorrhagic  episode,  all 
of  the  pigs  adequately  compensated  for  50  percent  loss  of  their  esti¬ 
mated  blood  volume.  This  does  not  mean  there  were  no  untoward  symp¬ 
toms.  They  all  appeared  to  hyperventilate,  as  evidenced  by  an  increase 
in  respiratory  rate,  at  20  to  30  percent  blood  loss  and  seven  of  the 
eight  pigs  experienced  nausea  severe  enough  to  produce  vomiting  when 
blood  loss  exceeded  40  percent. 

The  objective  data  collected  during  this  study  are  summarized  in 
Figures  1  through  5  (Appendix  B)  and  Table  1.  The  body  weight,  esti¬ 
mated  blood  volume  calculated  by  von  Engelhardt's  regression  equation 
(9),  and  the  volume  of  blood  removed  during  hemorrhage  period  are 
listed  in  Table  1.  Figures  1  through  5  present  heart  rate  and  arterial 
pressure  values  (mean  ±  SEM)  for  the  pre-hemorrhage  control  condition 
and  for  10,  20,  30,  40,  and  50  percent  blood  loss.  An  analysis  of 
variance  summary  applicable  to  graphic  data  is  contained  in  Table  2. 


Table  1.  Estimated  total  blood  volume  and  hemorrhage  blood  loss 
of  individual  pigs 


I’ig  Body  Weight  Est  Blood  Volume  Hemorrhage 


No. 

kg 

ml 

24 

21.8 

1680 

29 

28.2 

2133 

36 

22.7 

1746 

39 

23.2 

1778 

41 

26.8 

2037 

51 

25.5 

1940 

53 

21.4 

1648 

54 

20.5 

1583 

Mean 

23.8 

1818 

SEM 

±0.09 

±69 

ml /kg 

ml 

ml/kg 

77.0 

840 

38.5 

75.7 

1067 

37.8 

76.9 

873 

38.5 

76.6 

889 

38.3 

76.0 

1019 

38.0 

76.1 

970 

38.0 

77.0 

824 

38.5 

77.2 

791 

38.2 

76.6 

909 

38.3 

±0.20 

±34.9 

±0.11 

Table  2.  Analysis  o i  variance  summary:  Heart  rate  and  arterial 
pressures  during  hemorrhage 


Mean 

Variable  Square  K 

Heart  rate  1006.7  6.72* 

Mean  arterial  pressure  5516.8  80.6* 

Systolic  pressure  3664.5  65.7* 

Diastolic  pressure  5125.7  67.9* 

Pulse  pressure  158.3  4.88* 


*Significant  at  P  <  0.05 

Heart  rate.  Figure  1,  was  transiently  elevated  from  a  control 
value  of  112  ±  4.0  beats  per  minute  to  a  peak  value  of  136  ±  5.4  beats 
per  minute  at  the  20  percent  stage  of  blood  loss.  After  40  and  50  per¬ 
cent  blood  loss  the  rates  appeared  somewhat  subnormal  relative  to  the 
control  value  but,  as  evaluated  by  Newman  Keuls  test,  this  apparent  ef¬ 
fect  was  not  statistically  significant.  In  fact,  the  significant  F 
value  for  heart  rate  seen  in  Table  2  was  entirely  attributable  to  the 
tachycardia  observed  after  20  percent  blood  loss. 

Mean,  systolic,  and  diastolic  pressures  showed  a  significant  over¬ 
all  decline  over  the  course  of  50  percent  blood  loss  (ligures  2,3,4). 
Accordingly,  during  the  hemorrhagic  episode,  mean  arterial  pressure 
decreased  from  114  ±  3.7  to  49  ±  2.8  mm  Hg ,  systolic  pressure  from 
134  '  2.4  to  84  +  3.2  mm  Hg,  and  diastolic  pressure  from  93  i  2.8  to 
31  f  3.2  mm  Hg.  In  all  instances,  the  apparent  decrease  between  con¬ 
trol  and  10  percent  blood  loss  was  not  statistically  significant. 
Significant  decrements  were  only  observed  after  more  than  10  percent 
of  the  estimated  blood  volume  had  been  removed.  Furthermore,  the  ap¬ 
parent  decrements  in  systolic  pressure  (Figure  3)  were  not  statisti¬ 
cally  significant  after  the  blood  volume  loss  reached  30  percent; 
beyond  30  percent,  the  decrements  in  mean  and  diastolic  pressure  were 
significant. 

Largely  because  of  the  late  attenuation  of  the  systolic  hypoten¬ 
sive  response,  pulse  pressure  (Figure  5)  showed  a  slight  but  signifi¬ 
cant  increase  commencing  at  40  percent  blood  loss.  The  control  value 
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was  42  ±  2.1  nun  Hg  while  the  50  percent  value  was  53  +  2.1  ram  Hg. 
DISCUSSION 


Insofar  as  can  be  determined,  only  Simon  and  Olsen  (14)  have  re¬ 
ported  data  on  hemorrhage  in  conscious  domestic  pigs  that  can  be 
directly  compared  to  the  data  reported  here.  These  investigators  (14) 
studied  34  immature  (8  to  10-weeks  old,  8  to  12  kg)  animals  and  mea¬ 
sured  mean  aortic  blood  pressure  after  hemorrhages  of  10,  20,  30,  and 
40  percent  of  the  estimated  blood  volume.  Their  estimate  of  total 
blood  volume  was  slightly  less  than  that  based  on  the  von  Engelhardt 
regression  equation  (9).  It  was  thus  assumed  to  be  7.5  percent  of  the 
body  weight,  whereas  the  von  Engelhardt  equation  would  give  a  value  of 
8.1  percent  of  body  weight  for  pigs  averaging  10  kg.  In  any  event, 
hemorrhage  in  their  study  (14)  was  associated  with  a  progressive  de¬ 
cline  in  mean  pressure,  from  an  average  control  value  of  about  141  mm 
Hg  to  an  average  value  of  about  49  mm  Hg  after  40  percent  blood  loss. 
Neither  of  these  values  is  consistent  with  those  reported  here;  their 
control  value  is  considerably  higher  and  their  40  percent  hemorrhage 
value  is  somewhat  lower  than  the  corresponding  mean  pressures  observed 
in  the  present  investigation.  It  is,  perhaps,  important  in  this  regard 
that  Simon  and  Olsen  (14)  made  their  measurements  24  to  48  hours  after 
surgical  implantation  of  arterial  catheters,  whereas  7  to  9  days  inter¬ 
vened  in  the  present  study.  In  addition,  Simon  and  Olsen  (14)  do  not 
mention  any  effort  to  obtain  a  steady  metabolic  state  prior  to  the  re¬ 
cording  of  control  values,  nor  do  they  indicate  whether  their  animals 
were  in  a  recumbent,  standing,  or  in  some  sort  of  physically  restrained 
condition  at  the  time  the  mean  pressure  measurements  were  made.  Finall 
they  do  not  state  the  time  interval  over  which  blood  was  removed  or  how 
their  values  of  mean  pressure  were  obtained,  i.e.,  an  arithmetic  aver¬ 
age  of  systolic  and  diastolic  pressure  or  an  electronically  integrated 
mean  pressure  as  used  in  the  present  investigation.  Any  of  the  fore¬ 
going  variables  could  account  for  the  differences  obtained  in  the  two 
studies . 

In  a  companion  paper,  Simon  and  Olsen  (15)  compared  mean  arterial 
pressures  of  conscious  and  anesthetized  (pentobarbital,  27.5  mg/kg) 
pigs.  They  found  the  latter  were  more  markedly  affected  by  hemor¬ 
rhage  than  the  former.  In  the  anesthetized  group  mean  pressure  after 
20  percent  blood  loss  was  nearly  the  same,  about  50  mm  Hg,  as  after 
40  percent  loss  in  the  conscious  group.  At  40  percent  loss,  the  anes¬ 
thetized  animals  had  a  mean  arterial  pressure  of  about  20  mm  Hg. 
Elsewhere,  similar  effects  of  anesthesia  are  seen.  Hobler  and  Napodano 
(10),  for  instance,  reported  marked  decrements  in  the  mean  arterial 
pressure  of  20  to  40  kg  pigs  subjected  to  40  percent  hemorrhage  (based 
on  blood  volume  equaling  6.5  percent  of  body  weight).  In  fact,  only 
one  of  seven  animals  so  studied  survived  a  two-hour  post-hemorrhage 
observation  period.  This  contrasts  to  24-hour  survival  of  all  animals 
in  the  present  study.  As  noted  by  Simon  and  Olsen  (15),  a  variety  of 
factors  could  account  for  the  deleterious  effect  of  anesthesia  in  the 
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hemor  rhuged  animal.  I’entobarb  i  tal  reduces  venomotor  tone  (22)  and 
disrupts  the  venous  compensatory  response  to  hypovolemia  (23).  Anes¬ 
thesia  also  decreases  cardiac  output  (24,25),  vasomotion  (26-29),  and 
total  peripheral  resistance  (27),  and  as  a  result,  the  regional  distri¬ 
bution  of  blood  flow  is  altered  (15,27,29). 

How  closely  do  the  functional  alterations  associated  witii  hypo¬ 
volemia  in  swine  approximate  those  observed  in  humans?  This  question 
cannot  be  answered  with  certainty  at  the  present  time,  largely  because 
so  few  controlled  experimental  studies  have  been  done  in  either  pigs 
or  humans.  The  preponderance  of  observations  on  humans  have  been  made 
under  clinical  conditions,  in  most  instances  subsequent  to  an  acci¬ 
dental  hemorrhagic  episode.  Thus,  only  crude  estimates  of  blood  loss 
were  possible  and  compensatory  responses,  undoubtedly,  had  progressed 
to  varying  degrees.  In  spite  of  these  limitations,  available  evidence 
seems  to  suggest  that  tolerance  to  blood  loss,  in  terms  of  survival  at 
least,  is  roughly  the  same  in  pigs  and  men.  Accordingly,  in  studies 
conducted  in  World  War  II  (30)  wounded  soldiers  (N  =  16)  subjectively 
classified  by  medical  personnel  as  being  in  a  state  of  severe  hypovo¬ 
lemic  shock,  yet  survived,  had  systolic  pressure  ranging  from  0  to 
80  mm  Hg  (49  +  7.6  mm  Hg  average),  diastolic  pressure  ranging  from 
0  to  68  mm  Hg  (25  ±  5.8  mm  Hg  average),  and  pulse  pressure  ranging 
from  0  to  58  mm  Hg  (24  ±  4.7  mm  Hg  average).  Heart  rates  averaged 
116  ±  3.3  beats  per  minute.  Estimates  of  blood  loss  averaged 
33  t  4.2  percent  on  the  basis  of  Evans  Blue  dilution  measurements  cor¬ 
rected  for  resuscitation  fluids  that  were  administered.  On  the  basis 
of  hemoglobin  measurements,  also  corrected  for  resuscitation  fluid  ad¬ 
ministration,  estimated  blood  loss  averaged  54  ±  4.3  percent.  Except 
for  tachycardia  and  reduced  pulse  pressure,  these  human  values  were 
not  too  different  from  those  seen  in  the  present  study.  The  exceptions 
could  be  due  to  a  variety  of  factors,  including  the  time  lapse  between 
hemorrhage,  the  experimental  measurements,  and  treatment  with  resusci¬ 
tation  fluids,  surgery,  and  so  forth. 

More  akin  to  the  present  investigation.  Stone  et  al  (31)  induced 
"acute  hemorrhagic  shock,"  as  they  termed  it,  in  10  conscious  human 
volunteers  by  removing  24  to  56  percent  (average,  40  percent)  of  the 
estimated  total  blood  volume.  Immediately  after  hemorrhage  mean  ar¬ 
terial  blood  pressure  in  these  subjects  averaged  48  mm  Hg,  a  value 
that  approximated  the  49  mm  Hg  seen  after  50  percent,  but  considerably 
lower  than  the  63  mm  Hg  seen  after  40  percent  hemorrhage  in  the  pre¬ 
sent  study  of  swine.  On  the  basis  of  these  comparisons,  therefore, 
pigs  appear  to  be  somewhat  more  tolerant  of  blood  loss  than  humans. 
Stone  et  al  (31)  reported  no  values  for  heart  rate,  systolic,  di¬ 
astolic,  or  pulse  pressure.  However,  Shenkin  et  al  (32)  showed  that 
as  long  as  the  supine  position  was  maintained  in  human  subjects,  as 
much  as  1000  ml  of  blood  might  be  lost  before  significant  increase  in 
pulse  rate  was  observed.  If  1000  ml  is  assumed  to  represent  20  per¬ 
cent  of  the  blood  volume  in  humans,  this  observation  seems  consistent 
with  the  response  observed  here  with  pigs. 
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Direct  comparison  of  the  present  data  to  those  reported  for  canine 
hemorrhage  is  not  yet  possible  because,  insofar  as  can  be  determined, 
equivalent  experiments  have  not  yet  been  performed.  Most  canine 
studies  involved  rapid  loss  of  blood,  typically  on  the  order  of  min¬ 
utes,  and  in  recent  years  such  studies  have  been  conducted  largely  in 
anesthetized  preparations.  Nevertheless,  certain  of  the  responses  re¬ 
corded  in  dogs  would  seem  pertinent  not  only  to  the  results  reported 
here  but  also  to  the  question  of  relevancy  of  canine  and  porcine  ani¬ 
mal  models  to  results  in  humans. 

In  at  least  one  respect,  the  arterial  pressure  changes  associated 
with  progressive  hemorrhage  are  similar  in  dogs  and  pigs.  Both  species 
show  little  change  in  mean  pressure  during  the  early  stages  of  blood 
loss,  and  relatively  large  amounts  of  blood  may  be  removed  before 
marked  decrements  in  pressure  are  observed.  This  characteristic  was 
first  described  in  rabbits  by  Porter  (33)  who  postulated  the  existence 
of  a  critical  level  of  blood  pressure  during  hemorrhage.  According  to 
Porter  (33),  if  the  arterial  pressure  was  at  the  critical  level,  addi¬ 
tional  blood  loss  would  begin  to  impinge  on  arterial  volume,  in  con¬ 
trast  to  earlier  impingement  on  venous  volume,  and  would  thus  cause 
a  precipitous  decline  in  arterial  pressure.  In  dogs,  data  consistent 
with  this  concept  have  been  reported  by  Blalock  (34)  and  Swingle  et  al 
(35).  Comparable  data  for  swine  are  found  in  Figures  2  and  3. 

Progressive  hemorrhage  over  a  one-hour  period  allows  sufficient 
time  for  the  manifestation  of  compensatory  responses  which  ameliorate 
the  potentially  deleterious  actions  of  blood  loss.  Prominent  among 
these  compensations  is  hemodilution  and  consequent  increases  in  plasma 
volume,  presumably  attributable  to  the  Starling  effect  (36).  In  the 
present  study,  such  hemodilution  limited  the  actual  blood  volume  re¬ 
duction  to  about  40  percent,  even  though  50  percent  of  the  initial 
blood  volume  was  removed  (unpublished  data).  Similar  hemodilution, 
particularly  during  the  first  few  hours  after  rapid  blood  loss,  has 
been  a  consistent  finding  in  dogs  (34,35,37-39)  and  humans  (40,41). 
Studies  with  dogs,  furthermore,  have  shown  that  hemodilution  can  mark¬ 
edly  influence  the  amount  of  blood  that  can  be  lost  before  hypotension 
and  shock  ensue;  the  longer  the  hemorrhage  interval,  the  greater  the 
amount  of  blood  that  can  be  removed  without  fatal  consequences  (34,35). 
An  extreme  example  of  this  is  found  in  a  study  reported  by  Elman  et 
al  (42)  in  which  it  was  shown  that  nearly  twice  the  initial  blood  vol¬ 
ume  could  be  removed  without  fatal  consequences  if  the  amount  of  blood 
removed  at  each  hemorrhage  was  small  (10  ml/kg)  and  the  bleeding  per¬ 
iods  were  spaced  24  hours  apart. 

The  large  erythrocyte  storage  capacity  of  the  canine  spleen  ap¬ 
pears  to  afford  a  second  compensatory  mechanism  that  has  little  or  no 
impact  in  swine  and  humans.  As  long  ago  as  1920,  Hooper  et  al  (43) 
reported  that  when  the  hemotocrit  was  lowered  by  hemorrhage,  total 
circulating  erythrocyte  volume  exceeded  the  value  predicted  on  the 
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basis  of  the  volume  of  erythrocytes  removed.  Later,  Lehman  and  Aroole 
(44)  found  that  resistance  to  hemorrhage  in  terms  of  blood  pressure 
decrement  and  survival  was  markedly  less  in  splenectomized  as  compared 
to  intact  dogs,  and  Lewis  et  al  (45)  showed  with  an  exteriorized  spleen 
preparation  that  hemorrhagic  hypotension  caused  a  50  percent  reduction 
in  the  splenic  size.  The  latter  investigators  (45)  concluded  that  the 
red  cells  delivered  to  the  blood  by  splenic  contraction  led  to  an  im¬ 
provement  in  venous  return,  hence  survival.  Finally,  Walcott  (46) 
showed  in  surviving  dogs  that  17  percent  of  lost  erythrocytes  were  re¬ 
placed,  as  compared  to  11  percent  of  lost  plasma,  during  the  first 
hour  after  rapid  but  severe  blood  loss.  In  fact,  in  these  experiments, 
Walcott  (46)  found  that  erythrocyte  mobilization  resulted  in  an  ele¬ 
vated  hematocrit  immediately  after  hemorrhage,  a  response  opposite  to 
that  seen  in  pigs  and  humans.  In  terms  of  the  splenic  contribution 
to  the  compensation  for  hemorrhagic  hypotension,  therefore,  the  pig, 
because  of  a  much  smaller  spleen  size,  would  seem  more  like  the  human 
than  the  dog.  It  should  be  noted,  however,  that  this  supposition  has 
yet  to  be  verified  by  experimental  data. 

CONCLUSIONS 

«  The  heart  rate  and  arterial  pressure  changes  associated  with 
severe  hemorrhage  in  conscious  swine  are  remarkably  similar  to  those 
reported  for  conscious  humans.  The  pig  may  tolerate  a  somewhat  greater 
blood  loss  than  man  without  fatal  consequences,  but  this  has  yet  to  be 
established. 

•  On  the  basis  of  results  reported  in  the  literature,  anesthetic 
agents  seriously  modify  the  physiological  responses  to  hemorrhage, 
equivalent  blood  loss  causes  a  far  greater  decrease  in  arterial  pres¬ 
sure  in  the  anesthetized  animal  as  compared  to  the  conscious  animal. 

The  conscious  pig  survives  much  greater  blood  losses  then  the  anesthe¬ 
tized  pig. 

•  The  pig  would  appear  to  be  superior  to  the  dog  for  human  ori¬ 
ented  studies  of  physiological  compensations  to  severe  blood  loss. 

The  large  erythrocyte  storage  capacity  of  the  canine  spleen  plays  a 
major  compensatory  role  in  the  restoration  of  blood  volume  following 
hemorrhage  —  a  role  that  is  not  nearly  so  important  in  the  human  and 
Pig- 

RECOMMENDATIONS 

•  Detailed  studies  of  the  compensatory  responses  to  massive  non- 
fatal  hemorrhage  should  be  conducted  in  the  conscious  pig.  Such 
studies  should  include  measurements  of  hemodynamic  changes,  acid-base 
status,  oxygen  transport  capacity,  blood  metabolite  changes,  and  tis¬ 
sue  fluid  transfer  to  the  vasculature. 


•  The  key  physiologic  changes  leading  to  fatality  following 
massive  hemorrahge  need  to  be  delineated  in  the  conscious  pig. 
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Program  utilizing  Texas  Instruments  T159  calculator  with  PC100 
printer  to  record  animal  number  and  body  weight  in  pounds,  and  to  com¬ 
plete  body  weight  in  kilograms,  blood  volume  in  milliliters,  and  blood 
loss  as  percentage  of  blood  volume. 
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I.  Printer  readout  and  user  instructions 


Printer  Readout 


tLLLli 


JIMP 


•-»  ,  ,-i  r.*  .•»  l. 

\  J  «  >■?  ...  .  J 


N  U 


ML 


1 


92 


ML 


Operational  Step 

1.  Program  calculator  manually 
or  with  magnetic  card. 

2.  Initiate  program:  press  user 
defined  key  A. 

3.  Enter  pig  No.:  Press  R/S. 

4.  Enter  body  wt:  press  R/S. 
Body  weight  in  kg  computed. 
Blood  volume  in  ml  computed. 

5.  Subroutine  to  compute  ml 
blood  loss  corresponding  to 
predetermined  percent  of 
blood  volume:  press  user 
defined  key  B. 

6.  Enter  desired  %:  press  R/S 
volume  computed. 

Repeat  step  6 

Repeat  step  6. 


7.  Subroutine  to  compute  per¬ 
centage  of  total  blood 
volume  lost  when  amount 
removed  is  known:  press 
user  defined  key  C. 
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APPENDIX  (Cont) 

Printer  Readout 

63.  ML  8. 

3. 9307  3367 

169.  ihL 


Operational  Step 

Enter  amount:  press  R/S 
percent  computed. 

Repeat  step  8.  > 


Repeat  step  8. 


9.  Subroutine  to  advance 
printer  paper  4  spaces: 
press  user  defined  key  D. 


t 


i 


t 

1 

i 

! 


II.  Program  Listing: 


Step,  Code,  Key 


000 
00 1 

7  £« 
i  i 

LBL 

R 

002 

69 

DP 

003 

00 

00 

U  U  H 

•- 

005 

06 

A 

00  6 

04 

4 

003 

02 

5 

00’-' 

0  4 

4 

0 1 0 

0  3 

3 

O'.  1 

01 

i 

0  2 

63 

L-i  : 

0 1 4 

01 

i 

o :  5 

07 

nn 

n 

0 1 7 

0 1  8 

n  o 
01 

0 

4 

0  i  9 

n  4 

A 

020 

02 

021 

07 

* 

022 

03 

023 

0  2 

u- 

0  2  4 

h  3 

OF 

Function 


Initiate  program  and  print 
title: 

"Swine  Blood  Volume" 


17 


APPENDIX  (Cont) 


Step,  Code,  Key 


02  2 
0 1  1 
00  6 
i }  0  n 


0  2  2  0  4 

n.-:'5  02 


066  01  1 
067  04  4 

068  69  OF' 


i  J  4'  9  U  i’t  O  *-t 


Function 


Enter  pig  number  and 
print  label:  "No" 


Enter  pig  weight  in  pounds, 
store  and  print  label:  "LB" 
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Step,  Code,  Key 


0  1  0  1 


n  “*  4  n  4 

n  n 


0  8  5  9  3 

Q86  03  2 

08”  95  = 

os 9  oi  o: 

090  98  Fi D V 

091  69  OF' 

0  9  2  0  6  0  6 

0  9  3  0  3  3 

094  00  0 

095  02  2 

0  9  6  0  r  ? 

0  9  0  o  4  o  4 
0  9  9  0  9  9 

100  05  5 

1  -J  1  rZ' 

1  0  2  4  3  R  C  L 

1  ;  ‘j  ;0;  fi  1  f |  * 

1  0  4  4  5  V 

1 114,  on  n 


1 0  9  9  4 

1 1  y  9  5 

1  i  1  4  S 


n  i  i'i  ■ 


Function 


Compute  body  weight  in 
kilograms,  store,  and 
print  wxth  label:  "KG" 


Compute  blood  volume  from 
Engelhardt  equation  (9) , 
store,  and  print  label: 
"ML" 


APPENDIX  (Cont) 


Step,  Code,  Key  Function 


9  06  06 


Enter  desired  percentage 
of  blood  loss,  store,  and 
print  label  "%" 


147  43  RCL 

140  D2  02 

i  4  u  9  5  = 

150  69  OP 

1 5 :  06  06 

152  93  fili'v1 

152  61  GTO 

154  12  B 

155  91  R/S 

156  76  LEL 


Compute  volume  of  blood  to 
be  removed  and  print  label: 
"ML" 


Recycle  to  start  of  subroutine 
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Function 


Enter  measured  blood  loss 
in  ml,  store,  and  print 
label:  "ML" 


Compute  percent  and  print 
with  label:  ”%" 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Pulse  rate  of  conscious  swine  during  hemor¬ 
rhage  to  50  percent  of  the  estimated  blood 
volume.  Ordinate  values  in  beats  per  minute. 

Mean  arterial  pressure  of  conscious  swine  dur¬ 
ing  hemorrhage  to  50  percent  of  the  estimated 
blood  volume.  Ordinate  values  in  mm  Hg. 

Systolic  pressure  of  conscious  swine  during 
hemorrhage  to  50  percent  of  the  estimated 
blood  volume.  Ordinate  values  in  mm  Hg. 

Diastolic  pressure  of  conscious  swine  during 
hemorrhage  to  50  percent  of  the  estimated 
blood  volume.  Ordinate  values  in  mm  Hg. 

Pulse  pressure  of  conscious  swine  during  hem¬ 
orrhage  to  50  percent  of  the  estimated  blood 
volume.  Ordinate  values  in  mm  Hg. 
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Figure  I.  Pulse  rate  of  conscious  swine  during  hemorrhage  to  50  percent  of  the  estimated  blood  volume. 
Ordinate  values  in  beats  per  minute. 
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iijinri ■  2.  Mean  arterial  pressure  of  conscious  swine  diring  hemorrhage  to  50  percent  of  the  estimated 
blood  volume.  Ordinate  values  in  mm  Hg. 
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figure  4.  Diastolic  pressure  of  conscious  swine  during  hemorrhage  to  50  percent 
volume.  Ordinate  values  in  mm  llg. 


Figure  5.  Pulse  pressure  of  conscious  swine  during  hemorrhage  to  50  percent  of  the  estimated  blood 
volume.  Ordinate  values  in  mm  Hg. 
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